A feed efficiency experiment was conducted in a population consisting of progeny from 10 full sib families of a cross between two broiler lines. Microsatellite genotypes were determined on Generation (G) 1 and 2. In G 3 , BW at 23 and 48 d and feed intake were measured and were used to calculate growth between 23 and 48 d, feed intake adjusted for BW, and feed efficiency. Average adjusted progeny trait values were calculated for G 2 animals after adjusting phenotypic observations on offspring for fixed effects, covariables, maternal genetic effects, the additive genetic contribution of the mate, and heterogeneity between sexes and were used as dependent variable in the quantitative trait loci (QTL) analysis.
INTRODUCTION
Knowledge on position and effects of quantitative trait loci (QTL) is missing for most traits of interest to animal breeders. Such information on QTL would be useful for marker assisted breeding as well as helpful for improving the understanding of the biological background (i.e., which genes are involved and their effects) of traits. In QTL mapping experiments, genotypes and performance data need to be collected on many animals to achieve sufficient power. In a three-generation design, genotypes are collected on first and second generation animals and performance recording is on third generation animals. In the second generation, full sibs are favorably compared to half sibs, because transmission from both parents can be followed by a marginal increase in marker genotypes (Van der Beek et al., 1995) . The high reproductive capacity of hens enables the production of large full sib families. Performance recording on third generation animals reduces the number of genotypes, which are needed to achieve a given power compared to performance recording on second generation animals (Weller et al., 1990) . Performance recording on half sibs results in a higher power in comparison with full sibs (Van der Beek et al., 1995) . In order to obtain information on QTL affecting traits of interest in broilers, a large experiment was initiated using a three-generation full sib-half sib design.
Recently, a large number of genetic markers has been generated and mapped in this experimental population Groenen et al., 1998) to enable QTL analysis. In contrast to other QTL studies in poultry, the analysis in our experimental population was genomewide (Van Kaam et al., 1998) . Other studies reporting QTL in chicken were published by Khatib (1994) , who studied juvenile growth rate, and Vallejo et al. (1998) , who detected QTL affecting susceptibility to tumors induced by Marek's disease virus. In this paper, the results of a whole genome scan aimed at detection and localization of QTL in a feed efficiency experiment are described. For this purpose, the regression interval mapping methodology presented by Van Kaam et al. (1998) was applied. In the present study, more traits were analyzed and additional marker data were included. Traits analyzed were body weight at 23 d (BW23) and at 48 d (BW48), feed intake in a fixed age interval (FIFA) and in a fixed weight interval (FIFW), growth (GAIN), and feed efficiency between 23 and 48 d (FE). These traits are of great interest to the broiler industry because growth rates and feed efficiency have a large influence on economic results.
MATERIALS AND METHODS

Experimental Population
A three-generation population was created for the purpose of QTL detection, following recommendations of Van der Beek et al. (1995) . Founder chickens, parents, offspring, and grandoffspring are indicated as Generation (G) 0, 1, 2, and 3 chickens respectively. The notation G 0 , etc., was chosen instead of F 0 , etc., to avoid confusion with the terminology for inbred lines. In the three generation design, G 1 and G 2 chickens were typed for genetic markers and phenotypic observations were collected on G 3 chickens and were used for calculation of average adjusted progeny trait values on the G 2 chickens.
The number of chickens and the population structure are presented in Table 1 . Two genetically different outcross broiler dam lines from the White Plymouth Rock breed were chosen as the foundation of the experimental population. The two lines had a genetic distance of 0.37, calculated as Rogers's distance (Nei, 1987) on 16 microsatellite markers, and were selected out of a group of six lines with a genetic distance ranging from 0.15 to 0.40. In one line, 14 males and in the other line 14 females were chosen and 14 G 0 couples were created. These 14 couples together produced 10 G 1 males and 10 G 1 females. From these 20 G 1 chickens, 10 couples were created without known relationship, each couple being the base of a family. The G 1 chickens were mated to produce G 2 full sibs. The G 2 chickens were mated with several G 2 chickens from different families to produce G 3 chickens. The G 3 offspring of each G 2 chicken, therefore, are mostly halfsibs with a small number of full-sibs. Each full sib family consisted of two G 1 parents and, on average, 45.1 G 2 chickens, and each G 2 chicken had on average 9.3 and 8.9 G 3 offspring at 23 and 48 d of age, respectively. For more details see Van Kaam et al. (1998) .
Five hatches of G 3 chickens were raised consecutively in the same floor pens up to 22 d and individually caged in another house between the age of 22 and 48 d. Individual cages were used to enable individual measurement of feed intake. During the lifetime of the broilers, feed and water were supplied for ad libitum consumption and illumination was 23 h/d. A commercial broiler feed containing 3,100 kcal/kg was used.
Traits measured were BW23, BW48, and FIFA. Within each hatch, observations deviating more than 3 SD from the mean of that hatch, were considered the result of measurement errors and therefore were excluded from the analysis. These outliers were randomly distributed across families, indicating that no genetic component was involved. 
Marker Data
Genotypes for microsatellite markers were determined using DNA derived from blood samples from 20 G 1 and 451 G 2 chickens. Marker alleles were recorded in base pair units. For more details see Groenen et al. (1997 Groenen et al. ( , 1998 . In total 437 informative markers were mapped to 28 linkage groups: 420 markers were mapped on 27 autosomal linkage groups and 17 markers were mapped on the Z chromosome. Marker data used in this analysis is an extended dataset compared to the marker data used in a previous analysis of BW48 (Van Kaam et al., 1998) . Additionally 69 markers were added and 20 existing markers, previously determined on 4 families were now typed on all 10 families. In total, 271 mapped markers were now determined on all 10 families and 166 mapped markers were typed on 4 families only. The linkage map used in this study was calculated with CRI-MAP (Green et al., 1990) using the marker genotypes for all these markers and all these families. Compared with the linkage map used by Van Kaam et al. (1998) , the number of autosomal linkage groups increased from 24 to 27. Marker and linkage map data were nearly identical to those presented by Groenen et al. (1998) , but 14 additional markers were included. The estimated coverage of this linkage map is between 90 and 95% of the chicken genome . Linkage groups WAU1 to WAU7, WAU11, and WAUZ were assigned to Chromosomes 1 to 7, 8 and Z, respectively . The size of the linkage groups varied between 11 and 625 cM and the number of markers on the linkage groups varied between 2 and 82 markers. Map distances given in this paper are always sex-averaged distances in centimorgans on the Haldane scale. The total linkage map covered 3,566 cM: 3,363 cM on autosomal linkage groups and 203 cM on the Z chromosome.
Because the segregation of the Z chromosome is different from autosomal chromosomes, the Z chromosome was not included in the present genome scan. Furthermore, it should be noted that the growth hormone receptor gene, which causes sex-linked dwarfism, was not segregating in this population.
More information about the length of the linkage groups, the number of markers on each linkage group, the average percentage of marker heterozygosity and the average information content is given in Table 2 . The information content was calculated as the variance of the probabilities of inheriting the first parental allele, divided by the expected variance of these probabilities under full information, which is 0.25 (Spelman et al., 1996) . The information content on a linkage group follows from the number of markers and the marker heterozygosity on the linkage group.
For the first 20 linkage groups, all 20 parents were informative. The number of informative parents was 8 on linkage group WAU21, 16 on WAU22, 19 on WAU23, 18 on WAU24, 7 on WAU25, 16 on WAU26, and 9 on WAU27. For linkage group WAU21, marker data was only collected for four families.
Analysis of the Phenotypic Data
The data were analyzed using a two-step procedure: first, average adjusted progeny trait values were calculated by adjusting phenotypic observations for systematic effects, and second, QTL analysis was performed using the average adjusted progeny trait values as the dependent variable.
Six traits were analyzed: three measured traits and three inferred traits. Measured traits were BW23, BW48, and FIFA. Inferred traits were growth between 23 and 48 d (GAIN), feed intake in a fixed weight interval (FIFW), and percentage feed efficiency (FE). Percentage FE was defined as the ratio between GAIN and FIFA multiplied by 100% and can be seen as gross efficiency. Values for FIFW were obtained from FIFA by using BW23 and BW48 as covariables to adjust for differences in body weight. Bernon and Chambers (1988) and Chambers et al. (1994) also adjusted feed intake for initial and final body weight. Feed intake unadjusted for weight differences includes effects due to differences in growth, feed utilization, and size, which affects growth and maintenance requirements, during the experiment. Therefore, an adjustment with initial and final body weight results in an evaluation of feed intake closer to net efficiency (Bernon and Chambers, 1988) .
For all traits, observations on male and female G 3 chickens were treated as different, but correlated traits, using a bivariate approach in order to account for heterogeneity of variance between both sexes (Van Kaam et al., 1998) . The following bivariate mixed model for male and female observations was used:
where y i = vector of observations for i = 1 (male) or 2 (female); b i = vector of fixed effects and covariables for trait i; u i = vector of random direct additive genetic effects on trait i; d i = vector of random maternal genetic effects on trait i; X i = incidence matrix relating observations for trait i to fixed effects and covariables; Z i = incidence matrix relating observations for trait i to direct additive genetic effects; W i = incidence matrix relating observations for trait i to maternal genetic effects; e i = vector of random residual effects for trait i.
The elements in the vectors of fixed effects and covariables included as fixed effects the overall mean of the trait, an interaction term between the hatch of the recorded animal and the hatch of the dam, the location of the animal's cage in the building, and as covariables the deviation of BW23 and BW48 from their average. The interaction term between the hatch of the recorded animal and the hatch of the dam represented the period of the year and the age of the dam at reproduction. The G 3 chickens were produced in five hatches, their dams were produced in eight hatches. The building in which the experiment was conducted was divided into 36 locations. The location in the building was not included in the model for BW23, as the chickens were housed in a floor pen up to 22 d. Observations on BW23 and BW48 were included as linear covariables in the model for the analysis of FIFW. Alterations on components, fixed effects, covariables, breeding values and maternal genetic effects were estimated using MTDFREML (Boldman et al., 1995) .
Average adjusted progeny trait values were calculated for G 2 chickens by averaging trait values on offspring. These values were derived by adjusting phenotypic observations for fixed effects, covariables, maternal genetic effects, the additive genetic contribution of the other parent, and heterogeneity between sexes. For more details see Van Kaam et al. (1998) .
QTL Analysis
Full sib QTL analysis was undertaken using a regression approach (Van Kaam et al., 1998) in which a single multi-allelic QTL was fitted across all families. This method is an extension of the multi-marker regression method of Knott et al. (1994) for outbred populations with a half sib family structure. Because marker-QTL linkage phase can differ between families, QTL analysis was nested within families. Average adjusted progeny trait values of G 2 animals were regressed on the probabilities of inheriting the first allele of each G 1 parent. The family mean was included in the model to account for polygenic differences between families. The model to fit a QTL at position k was:
where y ij = average adjusted progeny trait value for G 2 chicken j of family i; f i = polygenic effect of family i; b s,ik = regression coefficient for the sire(s) of family i at position k; x s,ijk = probability that G 2 chicken j in family i at position k received the chromosomal segment from haplotype 1 from the sire; b d,ik = regression coefficient for the dam (d) of family i at position k; x d,ijk = probability that G 2 chicken j in family i at position k received the chromosomal segment from haplotype 1 from the dam; and e ijk = random residual. The regression coefficients represent QTL allele substitution effects per parent (Falconer, 1989) . A weighting factor was applied to account for differences in number of G 3 chickens contributing to G 2 average adjusted progeny trait values. The weighting factor is based on the variance of the average adjusted progeny trait values of the G 2 chickens (Van Kaam et al., 1988) .
Test statistics were calculated at each centimorgan, in order to test for the alternative hypothesis of the presence of QTL effects, vs the null hypothesis of the absence of QTL effects. The test statistic is the ratio of the explained mean square of the QTL effects under study in the numerator and the residual mean square of the full model in the denominator. The test statistic at position k was calculated as:
where RSS k is the cumulative residual sums of squares over all families after fitting the full (H 1 ) or reduced (H 0 ) model and df are the degrees of freedom for total (df total ), number of family means fitted (df family ) and number of QTL effects fitted (df QTL ), which were taken to be 451, 10, and 20 respectively.
Significance Thresholds
Significance thresholds were determined for each trait separately because differences in the distributions of the average adjusted progeny trait values result in differences in the distributions of the test statistics (Spelman et al., 1996) . Comparisonwise and chromosomewise significance thresholds were calculated empirically using the permutation method (Churchill and Doerge, 1994) . To obtain genomewise significance thresholds, chromosomewise significance thresholds were adjusted for multiple testing along the genome using the Bonferroni correction. Genomewise significance thresholds were used to calculate two significance levels: significant and suggestive linkage (Lander and Kruglyak, 1995) . Significant linkage is defined as a 5% genomewise significance threshold and suggestive linkage is equivalent to an expectation of one false positive result per trait on a whole genome scan. The number of independent tests on a linkage group follows from the percentage chromosomewise significance, which results in the same value of the test statistic as a 1% comparisonwise significance threshold. On the whole genome 3,579 tests were undertaken, which was equivalent to 87.1 independent tests.
The first 20 linkage groups were permuted together because all parents were informative on these linkage groups and consequently the test statistics were comparable (Van Kaam et al., 1998) . For each trait, 10,000 permutations were conducted. For the remaining linkage groups, no QTL effect could be fitted for some parents, which were uninformative. These linkage groups were short and therefore a large Bonferroni correction was necessary. Hence, 100,000 permutations were conducted to obtain reliable thresholds.
In order to determine which parents were segregating for a QTL, permutation was also applied to single families on those locations where a QTL was located in the across Table 2 provides information on the length, number of markers, the average percentage of marker heterozygosity and the average information content on the analyzed linkage groups. The average percentage of marker heterozygosity was calculated as the total number of heterozygous markers on all G 1 chickens, divided by the total number of typed markers on all G 1 chickens, and expressed as a percentage. The average percentage of marker heterozygosity for G 1 chickens varied from 42.3 to 83.3% per linkage group. Information content on single positions varied between 0.24 and 0.99 for sires and between 0.34 and 0.98 for dams. The average information content over all positions per linkage group was between 0.54 and 0.83 for sires and between 0.53 and 0.83 for dams. Average information content over all positions on all analyzed linkage groups was 0.72 in both sexes.
RESULTS
Marker Information
Variance Components
Estimated heritabilities, genetic correlations and phenotypic variances are presented in Table 3 . For all traits, phenotypic variances of male observations were greater than for female observations. For most traits, estimated heritabilities for males and females were similar. For BW23, the heritability for males (0.67) was higher than for females (0.46). The opposite was the case for FIFA with 0.25 on males and 0.39 on females. Furthermore, the proportion of variance explained by the maternal genetic effect tended to be larger on male as on female observations. The highest proportion of variance explained by the maternal genetic effect was 0.11 for FIFW on males. Variances of FIFW were considerably lower as variances of FIFA, because variation in feed intake caused by differences in body weight was removed. For all traits correlations between additive genetic effects on male and female observations were at least 0.87 and for maternal genetic effects at least 0.64. Table 4 shows the correlations between the average adjusted progeny trait values of the G 2 chickens for all traits. BW48, GAIN, and FIFA were highly correlated traits. A strong negative correlation of -0.79 between FIFW and FE was estimated. FIFA and FIFW were only moderately correlated, which shows that the adjustment for body weight had a strong effect. BW23 was not highly correlated with any of the other traits. 
QTL Analysis
Four QTL were found: one QTL showed significant linkage and three QTL showed suggestive linkage. Four of the six analyzed traits showed suggestive linkage at least once. Three QTL had an effect on FIFA. These results are summarized in Table 5 . For BW23 and FE, the test statistic did not reach the suggestive linkage threshold on any linkage group.
Quantitative trait locus 1 was located on Chromosome 1 as shown in Figure 1 and exceeded the threshold for significant linkage, reaching 4% genomewise significance for FIFA. A QTL was also detected at very similar positions for BW48 and GAIN showing suggestive linkage. The test statistic for FIFA and GAIN peaked at 235 cM and BW48 peaked at 240 cM. The test statistic for these traits followed a similar pattern, which can be expected given the high correlations between these traits (Table 4) . Because these traits were highly correlated and the positions were close, it seems reasonable to assume that the same QTL affected these traits. Eight parents showed significant QTL effects for FIFA, five parents for GAIN and five parents for BW48. The allele substitution effect (a; Falconer, 1989) averaged over these parents was 0.8 s a for FIFA, 1.0 s a for GAIN, and 1.1 s a for BW48.
Quantitative trait locus 2 (Figure 2 ) was located on linkage group WAU26 and showed suggestive linkage for FIFA. Furthermore, high test statistics were also found for BW23 and BW48 on this linkage group, but not high enough to reach the suggestive linkage threshold. The peak for FIFA was located at 16 cM and the test statistics for BW23 and BW48 showed their highest value at the end of the linkage group at 22 cM. As these positions are close and the traits were correlated (Table 4) , it is assumed that it was the same QTL affecting these traits. Significant QTL effects were found for three parents for FIFA and BW23 and for five parents for BW48. The average allele substitution effect in these parents was 1.5 s a for FIFA, 0.8 s a for BW23, and 1.0 s a for BW48.
Quantitative trait locus 3 (Figure 3 ) showed suggestive linkage on Chromosome 4 for FIFA. Furthermore, the test statistic of FIFW also peaked on Chromosome 4. The most likely QTL position for FIFA was at 147 cM and for FIFW at 162 cM. For FIFA and FIFW, six parents showed significant effects, five of them being different parents. The estimated average allele substitution effect was 1.0 s a for both FIFA and FIFW in these parents.
On Chromosome 2 (Figure 4 ), QTL4 showed suggestive linkage for FIFW. The highest test statistic occurred at 41 cM. None of the other traits showed a clear peak at this location. Four parents showed significant effects for the segregation of a QTL. An average allele substitution effect of 1.4 s a in these parents was found.
DISCUSSION
Analysis of the Phenotypic Data
Compared to heritabilities reported by Bernon and Chambers (1988) , Wang et al. (1991a) and Chambers et al. (1994) our estimates of heritabilities for BW23 and FE were relatively high. Chambers (1990) indicated that heritabilities of FE are usually in the range of 0.4 to 0.5, which agrees with results found in our study. Estimated heritabilities for FIFW and FIFA were similar to estimates reported in the literature. Heritability estimates for BW48 and GAIN were below most reported estimates. A large difference between the heritability of BW23 and BW48 was found (Table 3 ). BW23 and FIFA showed a clear difference in heritability for males and females. Thomas et al. (1958) suggested that divergence in heritabilities based on male and female progeny might be evidence for the importance of sex-linked genes in the expression of the trait involved.
The correlation between the average adjusted progeny trait values between GAIN and BW48 was larger than the correlation between GAIN and BW23 (Table 4) , which can be expected because GAIN is a part of BW48. Wang et al. (1991b) found similar results for genetic correlations. The correlation between the average adjusted progeny trait values can be considered as a lower bound estimate of the genetic correlation. The correlation of 0.52 between FIFA and FIFW clearly indicates that adjustment for initial and final body weight has a large influence on this trait. Bernon and Chambers (1988) present similar genetic correlations of 0.76 and 0.41 for their broiler sire and dam population. FIFW showed a strong negative correlation with FE and approximately zero correlations with body weight, which is similar to the phenotypic correlations reported by Bernon and Chambers (1988) . Feed efficiency showed small correlations with body weight, which agrees with genetic correlations reported by Wang et al. (1991b) . 
QTL Affecting Growth and FE
The most significant results for QTL1, QTL2, and QTL3 were all found for FIFA. Other traits showed lower significance levels. The QTL for BW48 at 240 cM on Chromosome 1 found in our previous studies Van Kaam et al., 1998) has been confirmed. The traits FIFA and GAIN also showed significant or suggestive linkage for this position. Because these traits are correlated with BW48, it is possible that a single QTL affected these three traits. The same parents seemed to segregate for the QTL affecting these three traits. Finding similar results for these correlated traits builds more confidence in the presence of a QTL. From a biological point of view it can be expected that a higher feed intake, without changes in FE, leads to higher growth and therefore to a higher BW48.
For QTL2, the same parents showed evidence for segregation of this QTL in two traits, FIFA and BW48. In one of these parents, the QTL also seemed to have an effect on BW23. Quantitative trait locus 3 showed evidence for segregation in different parents for FIFW and FIFA, with the exception of one dam. Therefore, it is possibly not the same QTL that affected these two traits.
The correlation of 0.41 between the average adjusted progeny trait values of the G 2 chickens on BW23 and GAIN indicates that different genes might influence growth at different life stages. Cheverud et al. (1996) indicated that QTL affecting early and late growth in mice were generally distinct, which was explained by different physiological mechanisms active at different life stages.
Contrasting to our results so far, Khatib (1994) found seven significant associations with juvenile growth rate, measured as BW at 14 wk, out of 21 microsatellite markers. Although our study covers a much larger part of the chicken genome, fewer results were declared significant compared to Khatib (1994) . However, Khatib determined significance per marker and significance is therefore on a comparisonwise base, which is less stringent than our genomewise significance thresholds. One marker, which was significant in Khatib's study, MCW4, was also used in our study, but did not show any high test statistics. Furthermore, the gene for Ovalbumin Y (OVY, previously GGY), which was significant in Khatib's study, is located on Chromosome 3, which in our study did not have significant results.
